The long-term health effects of wildfire smoke exposure in pediatric populations are not known. The objectives of this study were to determine if early life exposure to wildfire smoke can affect parameters of immunity and airway physiology that are detectable with maturity. We studied a mixed-sex cohort of rhesus macaque monkeys that were exposed as infants to ambient wood smoke from a series of Northern California wildfires in the summer of 2008. Peripheral blood mononuclear cells (PBMCs) and pulmonary function measures were obtained when animals were approximately 3 years of age. PBMCs were cultured with either LPS or flagellin, followed by measurement of secreted IL-8 and IL-6 protein. PBMCs from a subset of female animals were also evaluated by Toll-like receptor (TLR) pathway mRNA analysis. Induction of IL-8 protein synthesis with either LPS or flagellin was significantly reduced in PBMC cultures from wildfire smoke-exposed female monkeys. In contrast, LPS-or flagellin-induced IL-6 protein synthesis was significantly reduced in PBMC cultures from wildfire smoke-exposed male monkeys. Baseline and TLR ligand-induced expression of the transcription factor, RelB, was globally modulated in PBMCs from wildfire smoke-exposed monkeys, with additional TLR pathway genes affected in a ligand-dependent manner. Wildfire smoke-exposed monkeys displayed significantly reduced inspiratory capacity, residual volume, vital capacity, functional residual capacity, and total lung capacity per unit of body weight relative to control animals. Our findings suggest that ambient wildfire smoke exposure during infancy results in sex-dependent attenuation of systemic TLR responses and reduced lung volume in adolescence.
This study evaluated a cohort of outdoor-housed adolescent rhesus macaque monkeys that were exposed during infancy to ambient wood smoke from a series of Northern California wildfires in the summer of 2008. Because the animal exposures in this study were comparable to human exposures during the period of evaluation, an investigation of immune and lung function in this cohort of monkeys has important implications for human health effects, particularly in children. Findings from our study support an association of wildfire smoke exposure during the postnatal period of development with immune dysregulation and compromised lung function in adolescence.
It has been estimated by the Natural Resources Defense Council that 212 million people in the United States lived in counties affected by wildfire smoke conditions in 2011 and that wildfire smoke contributed approximately 20% to total fine particulate emissions (1, 2) . Because wildfire smoke can disperse far from the source and cross geographical boundaries, counties affected by smoke can be downwind of burn sites in states without active fires (3). In California, currently, half of all particulate matter (PM) under 2.5-mm diameter (PM 2.5 ) is attributed to smoke from wildfires, which are expected to increase an additional 20-100% in the state through 2100 as a result of climate change (4) (5) (6) .
Wildfire smoke is a heterogeneous mixture of pollutants with a distinct composition compared with other combustion sources. Wildfires produce higher concentrations of PM 2.5 relative to PM 10 , thereby further enhancing fine particle dispersal from the burn site and deeper penetration into the lung (7) (8) (9) . Burning wood produces high levels of semivolatile organic compounds and a signature of polyaromatic hydrocarbons compared with gas or diesel combustion (10, 11) . The mixture of chemical species found in wildfire smoke is also determined by factors unique to a particular event, such as the type of vegetation or weather conditions at the burn site (12) . Volatile organic compounds produced by wildfires can participate, along with stable nitrogen compounds, in the generation of ozone downwind of a fire, leading to the possibility of coexposure (13) .
Infants and young children are especially susceptible to the adverse health effects of air pollutant exposure due to prolonged development of the respiratory tract and immune system that extends throughout childhood. Consistent with the vulnerable nature of maturing airways, epidemiologic studies have linked reduced lung function with ambient air pollution exposure during early childhood (14) (15) (16) . Studies in animal models have provided supportive data on immune modulation by air pollution exposure during early life. We have previously reported that peripheral blood cells from juvenile monkeys experimentally exposed to episodic ozone during the first 6 months of life produced significantly reduced levels of proinflammatory cytokines when challenged in vitro with Toll-like receptor (TLR) ligands (17) .
Because the long-term health outcomes of wildfire smoke exposure in pediatric populations is currently unknown, we studied a cohort of adolescent rhesus macaque monkeys that were exposed during the first 3 months of life to a prolonged period of smoke from a series of Northern California wildfires in 2008. Based upon our previous findings with ozone, we postulated that monkeys exposed to ambient wildfire smoke during infancy would show attenuated levels of peripheral blood proinflammatory cytokine synthesis in response to in vitro TLR ligand challenge, as well as differences in lung function relative to their unexposed counterparts. A portion of the results of these studies have been previously reported in the form of abstracts (18, 19) .
Materials and Methods

Air Quality Data
Ozone and PM 2.5 Peripheral blood mononuclear cells (PBMCs) were prepared as previously described (17) . PBMCs were cultured in 96-well tissue culture plates with AIM-V medium (Invitrogen, Carlsbad, CA) at a concentration of 2 3 10 5 cells/100 ml at 37 8 C in 5% CO 2 . LPS (Escherichia coli 
Pulmonary Function Testing
Airways resistance, lung compliance, lung volumes, and airways hyperresponsiveness to methacholine challenge were measured and normalized to body weight. Pulmonary mechanics were measured in anesthetized monkeys as previously described (20) .
Statistical Analysis
Treatment and exposure effects were reported as mean (6SEM). Differences were evaluated by ANOVA (one-way or two-way) with Tukey honest significant difference post hoc test using GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA). Statistical analysis of association was performed with R statistical software using the Pearson correlation; r variables are reported. A P value of 0.05 or less was considered statistically significant.
Results
Demographics of Animal Population
All study animals were born outdoors at the CNPRC, breast fed, and randomly recruited from 13-19 genetically diverse family units located in either half-acre field cages or smaller social group housing (Table 1 ; see Figure E1 in the online supplement). The genetic background of study animals was predominantly of Indian origin, although some animals were of combined Indian-Chinese origin. Animals in wildfire smoke exposure and control groups received comparable veterinary care, antibiotic usage, and medical intervention, in addition to receiving identical diets. Animals were vaccinated against tetanus; some also received a measles vaccination. Table 2 ). PM 2.5 exposures above the NAAQS took place in two episodes consisting of 4-6 days each, peaking at 78 mg/m 3 on June 27, 2008. In comparison, CNPRC outdoor colony newborn monkeys born in 2009 were not exposed to ambient PM 2.5 concentrations above the NAAQS during the first 3 months of life ( Table 2 ). Study animals born in 2008 were also exposed to more ambient ozone in the first 3 months of life, with 3 days of exposure to ozone levels above the national 8-hour NAAQS (0.075 ppm) compared with 0 days above NAAQS in animals born in 2009 ( Figure 1B , Table 2 ). Differences in PM 2.5 and ozone measures between the 2008 and 2009 cohorts were confined to infancy, as both animal groups were exposed to comparable concentrations of PM 2.5 and ozone between 4 months and 3 years of age (Table 2) .
Wildfire smoke-exposed (2008) male monkeys were higher in body weight at the time of assessment relative to control (2009) male monkeys, but there was no overall significant difference when adjusted for age (Table 1) . Wildfire smoke-exposed (2008) female monkeys were also higher in body weight at the time of assessment relative to control (2009) female monkeys; however, this was not statistically significant when compared at a single time point (Table 1 , P = 0.52). Linear regression analysis of weight gain over time showed no difference in slope relative to exposure for males (2WFS slope = 1.484 6 0.01459; 1WFS slope = 1.468 6 0.01971; P = 0.4971), whereas the slope of weight gain with age over time was significantly greater with wildfire smoke exposure in females (2WFS slope = 1.244 6 0.0147; 1WFS slope = 1.339 6 0.01647; P , 0.0001; Figure 2 ).
Adolescent Monkeys Exposed to Wildfire Smoke as Infants Show Attenuation of PBMC Responses to TLR Ligands
Our laboratory has previously reported persistent attenuation of peripheral blood proinflammatory cytokine responses in rhesus monkeys after episodic ozone exposure during postnatal development;
PBMCs isolated from monkeys exposed to ozone during infancy produced significantly less IL-8 and IL-6 protein when cultured with LPS as compared with PBMCs from filtered-air controls (17) . Like ozone, inhaled wildfire smoke particulate matter generates significant oxidative stress (21, 22) ; therefore, we hypothesized that early-life wildfire smoke exposure may impose similar effects on peripheral blood immune cell responses to TLR ligand challenge later in life. To test this hypothesis, we cultured PBMCs from 3-year-old monkeys that were exposed to wildfire smoke at infancy and measured secretion of IL-8 and IL-6 after in vitro challenge with LPS. Because TLR5 has been linked with the asthma phenotype experimentally and in human subjects, we also assessed the PBMC proinflammatory cytokine response to flagellin challenge in vitro (23, 24) .
As shown in Figure 3 , LPS challenge of PBMC cultures resulted in a significant dose-dependent induction of IL-8 (P , 0.0001; Figure 3A ) and IL-6 protein (P , 0.0001; Figure 3B ) secretion at 6 hours after treatment. Comparison of LPSinduced cytokine concentrations in PBMC cultures obtained from wildfire smoke-exposed animals compared with control animals showed a significant reduction of both IL-8 (P , 0.01) and IL-6 (P , 0.0001) protein with wildfire smoke exposure. PBMC cultures with flagellin challenge also elicited a dose-dependent induction of IL-8 (P , 0.0001; Figure 3C ) and IL-6 (P , 0.0001; Figure 3D ) protein. However, only IL-8 protein expression after culture with flagellin was significantly reduced in association with wildfire smoke exposure (P , 0.05); there was no significant association of wildfire smoke exposure and flagellin-induced IL-6 protein secretion when both male and female animals were collectively evaluated.
To determine whether sex influenced the PBMC cytokine response to TLR4 and TLR5 ligands, we compared cytokine production in cultures with the highest concentration of LPS or flagellin from male or female monkeys. PBMCs isolated from wildfire smoke-exposed female monkeys produced significantly less IL-8 protein after culture with 500 ng/ml LPS (P , 0.05; Figure 3E ) or 500 ng/ml flagellin (P , 0.05; Figure 3G ) compared with control female monkeys. No difference in IL-6 synthesis was observed in PBMCs isolated from female monkeys in the wildfire smoke-exposed compared with control animals. In contrast, IL-6 secretion was significantly attenuated in PBMCs from wildfire smoke-exposed male monkeys compared with control monkeys in response to both LPS (P , 0.01; Figure 3F ) and flagellin (P , 0.05; Figure 3H ). IL-8 protein synthesis was comparable between wildfire smoke-exposed and control male monkeys in the study population.
The effect of antecedent wildfire smoke exposure on PBMC cytokine responses to TLR ligands was exclusively associated with study animals exposed during infancy. Adult female monkeys exposed to wildfire smoke under conditions identical to that of infants in this study showed comparable IL-8 and IL-6 synthesis 3 years after exposure relative to indoor-housed adult female monkeys ( Figure E2 ).
NF-kB Transcription Factor Expression Is Modulated in PBMCs from Wildfire Smoke-Exposed Females
Particulate matter can affect TLR signaling pathways in multiple cell types and exposure models (reviewed in Ref. 25) . To investigate whether expression of TLR family members and associated signaling molecules might be altered in PBMCs as a result of wildfire smoke exposure, we surveyed 84 mRNAs associated with TLR signaling pathways by RT-PCR array analysis. Assessment was focused on cultures generated from a subset of the primary cohort of wildfire smoke-exposed (n = 6) and control (n = 6) female monkeys. Profiles of genes significantly affected or differentially expressed by at least twofold in PBMCs cultured for 3 hours with media, LPS, or flagellin are summarized in Table 3 . Of the 84 TLR pathway-associated mRNAs evaluated for expression, c-Rel and RelB transcription factors in the NF-kB family were significantly reduced in wildfire smoke-exposed female monkeys relative to controls. In contrast, with LPS or flagellin challenge, expression of RelB was significantly increased in cultures from wildfire smoke-exposed animals relative to controls. LPS also increased mRNA expression for the adapter proteins myeloid differentiation primary response gene 88 and Fas-associated via death domain, and reduced the mRNA expression for the leucine zipper protein, fos protooncogene, in wildfire smoke-exposed animals. Flagellin exclusively increased the expression of conserved helix-loop-helix ubiquitous kinase, a serine kinase that functions in the negative feedback loop for NF-kB signaling pathway, in wildfire smoke-exposed animals relative to control animals.
Lung Function in Adolescence Is Dependent upon Sex and Wildfire Smoke Exposure during Infancy
Compared with controls, animals exposed to wildfire smoke as infants had significantly reduced inspiratory capacity, residual volume, vital capacity, and functional residual capacity per unit of body weight ( Figure 4A ). In addition, there was a trend toward reduced total lung capacity in animals exposed to wildfire smoke as infants (P = 0.051). Due to their larger mass, males overall had significantly lower expiratory reserve volume (P , 0.01), vital capacity (P , 0.01), functional residual capacity (P , 0.01), and total lung capacity (P , 0.01) per unit of body weight compared with females ( Figure 4B ). Relative to control females, wildfire smoke-exposed females had reduced dynamic compliance per unit of body weight ( Figure 4C ). We observed a modest effect of exposure on airways resistance (R aw ) per unit of body weight, and males had significantly lower R aw compared with females ( Figure 4F ). There was no 
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significant difference in airways reactivity after methacholine challenge between exposure and control animal groups, regardless of sex ( Figures 4G and 4H) . Linear regression analysis of R aw relative to cytokine synthesis in response to TLR ligands showed significant correlation of IL-8 and IL-6 for unexposed female monkeys, whereas there was no association for wildfire smoke-exposed female or male animals ( Figure E3 and Table E1 ). Only wildfire smoke-exposed female monkeys displayed significant correlation of dynamic compliance with TLR ligand-induced cytokine synthesis, which was limited to induction of IL-6 via flagellin. Airways hyperresponsiveness measures showed no significant associations with PBMC cytokine synthesis, regardless of TLR ligand used.
Discussion
Wildfire smoke can reach regions far beyond burn sites, and is expected to increasingly extend toward populated areas due to climate change (6) . In our study, we found significant immune and respiratory changes in rhesus macaque monkeys after exposure to wildfire smoke in 2008 that was carried over 200 miles from the combustion source: a series of wildfires in Northern California. Moreover, the outcome measures of our study were assessed in adolescent animals exposed as infants, suggesting an altered developmental trajectory that persisted with age. We observed significant attenuation of proinflammatory cytokine synthesis in response to LPS or flagellin challenge in PBMC cultures from exposed animals. We also found sex differences in conjunction with exposure; IL-8 synthesis was significantly decreased in females, whereas the effect on IL-6 synthesis was most pronounced in males. Wildfire smoke-exposed animals, as a whole, were found to have significantly reduced lung volumes, but only females showed decreased lung compliance relative to control counterparts. Because we were unable to evaluate infants immediately after the wildfire smoke exposure period described in this study, we do not know whether the immune and respiratory effects in adolescent animals were detectable at infancy. However, adult animals that were showed no evidence of persistently altered immune function, suggesting that infant animals were more vulnerable to long-term changes to immunity as a result of environment.
In the human population, acute wildfire smoke exposure is associated with increased respiratory symptoms, including increased asthma symptoms and medication use, and chronic obstructive pulmonary disease exacerbations (26) (27) (28) (29) . Our findings from a cohort of nonhuman primates exposed to prolonged ambient wildfire smoke suggest that children who underwent similar exposures as infants may exhibit a similar health profile, with the important caveat that animals in our study were exclusively housed outdoors throughout the assessment period. Because normal development of rhesus monkeys is accelerated relative to children, the relative impact of this window of exposure may also differ between nonhuman primate and primate species. Although the PM 2.5 and ozone exposure data collected from the California Air Resources Board air monitoring station represent the most accurate measures of air quality within the immediate vicinity of the CNPRC, it should be acknowledged that other sources of pollutants may have been present during the period of time in which the study animals were housed in the outdoor colony. However, ambient particulate matter collected on the UC Davis campus during the 2008 wildfires and subsequently evaluated in a rodent model was found to induce greater oxidative stress, neutrophilic inflammation, and lung pathology on a per-weight basis compared with local urban ambient particulate matter, suggesting that this component of the 2008 wildfire smoke elicited significant respiratory toxicity (21, 30) .
Both TLR4-and TLR5-mediated signaling pathways appeared to be compromised with wildfire smoke exposure in our study, but PCR array analysis did not indicate reduced mRNA expression of TLR family members. Rather, we observed increased mRNA expression of RelB in PBMCs from wildfire smoke-exposed animals, suggesting that transcription factor regulation might be a target for pollutants. We cannot discount the possibility that the difference in RelB expression is associated with a change in the mixture of immune cell types present in the PBMC population; however, the overall frequency of CD14 1 monocytes did not differ with exposure (data not shown). RelB plays an important regulatory role in the proinflammatory cytokine response to LPS in the context of endotoxin tolerance (31) . Intriguingly, acute exposure of mice to inhaled wood smoke, but not diesel exhaust particulate matter, results in activation of RelB in alveolar macrophages (32) . Activation of RelB in macrophages occurs in response to polycyclic aromatic hydrocarbons found in wood smoke, implicating a role for the RelB/aryl hydrocarbon receptor complex in mediating the effects of wood smoke exposure (32) . Thus, our findings are consistent with experimental wood smoke exposure models demonstrating Relb modulation after exposure.
Data from the Children's Health Study, Genes-Environments and Admixture in Latino Americans II, Study of African Americans, Asthma, Genes, and Environments II, Children, Allergy, Milieu, Stockholm, Epidemiological Survey (BAMSE), Hwang and colleagues, and Rice and colleagues (14, 16, (33) (34) (35) (36) (37) (38) indicate that long-term childhood exposure to air pollution is associated with deficits in lung function, whereas, in the German Infant Study on the influence of nutritional intervention plus environmental and genetic influences on allergy development (GINIplus) and lifestyle-related factors, immune system and the development of allergies in East and West Germany plus the influence of traffic emissions and genetics study (LISAplus) cohorts, respiratory deficits were observed only in susceptible asthmatic populations (39) . The observed reduction in lung volumes in our wildfire-exposed study animals is consistent 
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with human birth cohort studies in which early childhood air pollution exposure is associated with deficits in lung growth in adolescence (16, 34, 35) . Differences in the type of exposure, genetic background, and other environmental factors, including socioeconomic status, add complexity and a high level of variability to human cohort studies (36, 40) . In comparison, our study of air pollution exposure in a stable animal colony allows for more control over external factors in a small sample population. Changes in lung parenchyma affecting alveolar number, or alveolar volume, could potentially result in the altered lung volumes observed in our study. In support of this theory, we have previously reported that episodic ozone during postnatal development can result in enlarged alveoli and decreased alveolar number in rhesus monkeys (41, 42) .
It is notable in our study that susceptibility to immune and airways physiology effects of exposure were segregated by sex. Sex may influence the degree of lung inflammation after ozone inhalation (43, 44) , and the immunomodulatory effect of sex hormones on PBMCs has been documented (reviewed in Ref. 45 ). Our finding of increased weight trajectory in wildfire smoke-exposed females also suggests that metabolic processes are affected by air pollutants. Sex differences in lung measurements are dependent upon age, with males showing lower pulmonary function relative to females in the postnatal period, but increasing function relative to females in adolescence (46, 47) . The animals in our study were approximately 3 years old at the time of evaluation, which is onset of puberty in males and after onset of puberty in females. As such, our finding of reduced R aw in males relative to females is consistent with age-dependent lung function in humans, and was likely due to changes in airway caliber as a result of maturation. We did not observe differences in airways responsiveness to methacholine challenge, regardless of sex or exposure. Human studies on lung growth restriction in children exposed to air pollution describe a pattern of nonobstructive lung disease that is not reversed by bronchodilators, which might be comparable to the pulmonary phenotype elicited in our wildfire-exposed study population (38) . Although this study is believed to be the first report of long-term immune and physiologic decrements after early life wildfire smoke exposure, there are important limitations to the observational data that should be considered. Because the outcome measures for this study were correlated with ambient exposures, reproducibility of the findings may be problematic. Future studies using controlled experimental wood smoke or wood smoke-derived particulate matter exposure in infant nonhuman primates would be essential to both replicate our findings as well as provide an understanding of the biological mechanisms involved.
In conclusion, in our cohort of nonhuman primates, we observed modulation of peripheral blood TLR-induced cytokine synthesis and altered lung function that was significantly associated with early-life wildfire smoke exposure. Discrete parameters of cytokine expression and airways physiology were found to be sex dependent in conjunction with wildfire smoke exposure. Our findings suggest that pediatric populations exposed to wildfire smoke may be impacted in a similar fashion. n Author disclosures are available with the text of this article at www.atsjournals.org.
